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Abstract 11 
Three new Cu(I) complexes containing bidentate N^N donor ligands with the 12 
general formula [Cu(N^N)2][PF6] (N^N = 2,3-diphenyl-6,7-di-p-tolyl-1,4,5,8-13 
tetraazaphenanthrene (L1), 2,3-diphenyl-6,7-di-thiophene-1,4,5,8-14 
tetraazaphenanthrene (L2), and 2,3-diphenyl-6,7-di-p-fluorophenyl-1,4,5,8-15 
tetraazaphenanthrene (L3), were prepared by the reaction of [Cu(CH3CN)4][PF6] 16 
with two equivalents of the N^N ligand. Single-crystal X-ray diffraction analysis 17 
confirmed that in each complex the metal displays a distorted tetrahedral geometry 18 
surrounded by the four N atoms of the two sterically hindered substituted 19 
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tetraazaphenathrene (TAP) ligands. Density functional theory (DFT) and time-20 
dependent density functional theory (TD-DFT), calculations were used to study the 21 
ground state properties and interpret the absorption spectra of these Cu(I) 22 
complexes. The calculations show that the lowest-energy excitations of all 23 
complexes are dominated by dπ(Cu)→π*(L), metal-to-ligand charge transfer, 24 
(MLCT) excitations. Electronic difference density maps (EDDMs) were 25 
calculated, indicating the change of electron density in the singlet excited states. 26 
The degree of filling of the coordination sphere (G parameter) by the ligands was 27 
calculated using the Solid-G program, taking into account the ligand-ligand 28 
overlap, and compared to the related bis(2,9-disubstituted phenanthroline) Cu(I) 29 
complexes. 30 
Keywords: Tetraazaphenanthrene; Cu(I) complexes; Bis(imine) complexes; 31 
DFT/TD-DFT 32 
 33 
1. Introduction 34 
There has been much interest over the past two decades in emissive coordination 35 
complexes of the transition metal elements with a focus on their applications as 36 
photosensitizers in solar-energy conversion [1-2], in display devices [3], in 37 
phototherapy [4],  as photo-catalysts [5], and as dopants to increase the efficiency 38 
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of organic light emitting diodes (OLED) [6-8]. In this regard, first row transition 39 
metal complexes are potentially useful, being considered inexpensive, being less 40 
toxic, displaying a greater ease of synthesis, and are more abundant when 41 
compared  to the third-row noble metal complexes. In particular, Cu(I) diimine 42 
complexes have been considered as potential substitutes for ruthenium(II) and 43 
osmium(II) systems. Pioneering work toward elucidation of the unique 44 
photophysical and photochemical properties of [CuI(N^N)2]
+ complexes has been 45 
reported by McMillin and co-workers over the last 35 years [9-15]. Owing to the 46 
significant similarities in absorption spectra and photophysical behavior there have 47 
been recent attempt to replace Ru(II) with Cu(I) diimine complexes in dye-48 
sensitized solar cells (DSSCs) [16-20]. However, the efficiencies and stabilities of 49 
the devices based on [CuI(N^N)2]
+ dyes, to date, are still inferior when compared to 50 
those of the Ru(II) dye-based solar cells because the MLCT states of Cu(I) diimine 51 
complexes undergo pseudo Jahn-Teller distortions, with significant structural 52 
reorganization, that are solvent-dependent and so the 1MLCT state lifetime can be 53 
influenced by the coordination geometry around Cu(I) center [20]. It is well known 54 
that the coordination chemistry of Cu(I) complexes is largely dependent on the 55 
electronic and steric effects of the coordinated ligands. In this context, ligands that 56 
can impose a tetrahedral or a pseudo-tetrahedral geometry on Cu ions are 57 
interesting for a variety of reasons. This includes complexes that act as models for 58 
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mononuclear Cu proteins [21], and as labile complexes in the general study of the 59 
structure-property relationships of transition metal complexes [22]. Because of the 60 
different geometries adopted by Cu(I) and Cu(II) complexes, their inter-conversion 61 
is accompanied by a pronounced structural change [21]. Moreover, the 62 
coordination geometry of these Cu complexes depends on the oxidation state of the 63 
Cu center. The Cu(I) (3d10) complexes in the ground state have a tetrahedral (or 64 
near tetrahedral) D2d coordination geometry, whereas the Cu(II) (3d
9) complexes in 65 
the MLCT excited state created upon photo-excitation prefer a more flattened 66 
tetrahedral (toward square planar) geometry with increased affinity for solvent 67 
ligation [23-25]. In this respect, Cu(I) complexes that contain heterocyclic diimine 68 
ligands have received more attention than other nitrogen-donor systems during the 69 
past few decades. However, studies of Cu(I) complexes with substituted 1,4,5,8-70 
tetraazaphenanthrene (TAP) ligands, which show enhanced oxidizing properties 71 
compared to their phenanthroline counterparts are rare [26]. To date, there are only 72 
a few reports about the synthesis, characterization and properties of Cu(I)-73 
tetraazaphenanthrene complexes [26-28]. In order to exploit the spectroscopic and 74 
structural properties of Cu(I) 1,4,5,8-tetraazaphenanthrene-based complexes, we 75 
report the synthesis and full characterization of three new Cu(I) complexes of the 76 
unsymmetrical 2,3,6,7-substituted-1,4,5,8-tetraazaphenanthrene ligands.  To the 77 
best of our knowledge [29-30], this is the first report on synthesis, characterization, 78 
5 
 
crystal structure, and computational studies of unsymmetrical tetraazaphenanthrene 79 
Cu(I) complexes.  80 
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Scheme 1. The parent tetraazaphenathrene core, 2,3,6,7-substituted 82 
tetraazaphenanthere ligands and their related Cu(I) complex. 83 
 84 
2. Experimental Section  85 
2.1. Materials, methods and instrumentation  86 
All reagents were purchased from Aldrich and used as received. All solvents were 87 
reagent grade and purified by standard techniques where required. Commercially 88 
available [Cu(CH3CN)4][PF6] was used as received. The 2,3,6,7-substituted-89 
1,4,5,8-tetraazaphenanthrene ligands (Scheme 1) were synthesized based on the 90 
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literature method [28]. Infrared spectra in the region of 4000-400 cm-1 were 91 
recorded in KBr discs with a Bruker IFD 25 FT-IR spectrophotometer. Mass 92 
spectra were recorded on a Varian MS-500, Electro-Spray Ionization Mass 93 
Spectrometry (ESI-MS). Electronic absorption spectra in dichloromethane 94 
solutions were measured with a CARY 5E spectrophotometer. The 1H-NMR 95 
spectra were recorded using Agilent Oxford 400 MHz spectrometer in CDCl3 with 96 
tetramethylsilane (TMS) as an internal standard.  97 
 98 
2.2. Syntheses 99 
The preparation of all the Cu(I) complexes (Scheme 1) has been accomplished 100 
according to literature method [31]. They were straightforwardly obtained from the 101 
addition of two molar equivalents of the N^N ligands, [2,3-diphenyl-6,7-di-p-tolyl-102 
1,4,5,8-tetraazaphenanthrene (L1), 2,3-diphenyl-6,7-di-thiophene-1,4,5,8-103 
tetraazaphenanthrene (L2), and 2,3-diphenyl-6,7-di-p-fluorophenyl-1,4,5,8-104 
tetraazaphenanthrene (L3)], to a dichloromethane solution of [Cu(CH3CN)4][PF6]. 105 
Because of the insolubility of complex 3 in common organic solvents only CHN, 106 
IR, ESI-Mass and crystal structure data are reported in the experimental section.  107 
 108 
2.2.1. Synthesis of  [Cu(L1)2]PF6 (1) 109 
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 [Cu(CH3CN)4][PF6] (0.08 g, 0.25 mmol) was dissolved in 20 mL of 110 
dichloromethane in a 50 mL round bottom flask under an argon atmosphere. Then, 111 
10 mL of a solution containing 0.26 g (0.5 mmol, 2 equiv.) of 2,3-diphenyl-6,7-di-112 
p-tolyl-1,4,5,8-tetraazaphenanthrenes (L1) was added. The mixture was left to stir 113 
at room temperature for 1h, after that time the total volume reduced to ca. 10 mL 114 
and 10 mL of methanol was added. By slow evaporation of the solution, suitable 115 
dark-red blocked shape single crystals for X-ray diffraction were obtained. 116 
Elemental analyses, Calcd(%): C, 69.87; H, 4.23; N, 9.05, Found: 69.80; H, 4.19; 117 
N, 9.12. ESI-MS (m/z) = 1091 [M – PF6]+. IR (cm-1): 1608w, 1563w, 1527w, 118 
1512w, 1470w, 1442w, 1369vs, 1254s, 1227s, 1186s, 1108s, 836vs, 699s, 557s; 1H 119 
NMR (400 MHz, CDCl3, r.t.) 8.49 (br. s, H9,10), 7.26-7.45 (m, Ho,o′), 6.88-7.11 (m, 120 
Hp,p′), 6.31-6.73 (m, Hm,m′), 2.34 (s, -CH3), 1.98 (s, -CH3); UV-Vis (λmax, nm; ε): 121 
275 (71660), 387 (56600), 490 (3990), and 511 (shoulder).  122 
 123 
2.2.2. Synthesis of [Cu(L2)2]PF6 (2) & [Cu(L3)2]PF6 (3)  124 
The complex was prepared with the same manner for 1 except that 0.25 g (0.5 125 
mmol, 2 eqiv.) of 2,3-diphenyl-6,7-di-thiophene-1,4,5,8-tetraazaphenanthrenes 126 
(L2) was used. Elemental analyses, Calcd (%): C, 59.77; H, 3.01; N, 9.29, Found: 127 
C, 59.68; H, 2.98; N, 9.18. ESI-MS (m/z) = 1060 [M – PF6]+. IR (cm-1): 1564w, 128 
1522m, 1442w, 1416m, 1371s, 1250m, 1231m, 1099s, 836vs, 699s, 609m, 557s; 129 
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1H NMR (400 MHz, CDCl3, r.t.) 8.43-8.52 (dd, H9,10), 7.26-7.56 (m, Ho,o′ & Ha,a′), 130 
6.77-7.04 (m, Hp,p′ & Hc,c′), 6.51-6.62 (m, Hm,m′ & Hb,b′); UV-Vis (λmax, nm; ε): 276 131 
(48275), 293 (50421), 405 (51340), and 511 (4904, shoulder). Complex 3 was also 132 
prepared with the same procedure for 1 except that 0.26 g (0.5 mmol, 2 eqiv.) of 133 
2,3-diphenyl-6,7-di-p-fluorophenyl-1,4,5,8-tetraazaphenanthrene (L3) was used. 134 
Elemental analyses, Calcd(%): C, 65.15; H, 3.22; N, 8.94, Found: C, 65.10; H, 135 
3.15; N, 8.89. ESI-MS (m/z) = 1107 [M – PF6]+.  136 
 137 
2.3. Crystal Structure Analysis  138 
Single crystals of 1 and 2 suitable for X-ray diffraction analysis, were grown by 139 
slow evaporation of the solutions of the complexes dissolved in a mixture (1/1) of 140 
dichloromethane and ethanol. In case of complex 3, the suitable single crystals 141 
were obtained directly from the reaction mixture by addition of ethanol to the 142 
dichloromethane solution by slow evaporation. X-ray intensity data were collected 143 
using the full sphere routine by φ and ω scans strategy on the Agilent SuperNova 144 
dual wavelength CCD diffractometer with graphite monochromated Mo Kα 145 
radiation (λ = 0.71073 Ǻ) for 1 and Cu Kα radiation (λ = 1.54184 Ǻ) for 2 and 3. 146 
For all data collections the crystals were cooled to 100 K using an Oxford 147 
Diffraction Cryojet low-temperature attachment. The data reduction, including an 148 
empirical absorption correction using spherical harmonics, implemented in 149 
9 
 
SCALE3 ABSPACK scaling algorithm [32], was performed using the CrysAlisPro 150 
software package [33]. The crystal structures were solved by direct methods using 151 
the online version of AuthoChem 2.0 in conjunction with OLEX2 [34] suite of 152 
programs implemented in the CrysAlis software, and refined by full-matrix least-153 
squares (SHELXL-97) [35] on F2. The non-hydrogen atoms were refined 154 
anisotropically. All of the hydrogen atoms were positioned geometrically in 155 
idealized positions and refined with the riding model approximation, with Uiso(H) = 156 
1.2 or 1.5 Ueq(C). For the molecular graphics the program SHELXTL [35] was 157 
used. The crystal structure of 1 showed some solvent accessible voids (100 Ǻ3). 158 
The contribution to the diﬀraction pattern of solvent molecules of crystallization in 159 
1 could not be rigorously included in the model, and these were consequently 160 
removed with the SQUEEZE routine of PLATON [36]. In complex 1, the largest 161 
peak (2.27 e.Ǻ-3) is located 0.87 Ǻ from atom P1. The crystal of 3 was a non-162 
merohedral twin with a refined BASF ratio of 0.384(1)/0.616(1). All geometric 163 
calculations were carried out using the PLATON software. The degree of filling of 164 
the coordination sphere (G parameter) by the ligands in complexes 1-3 was 165 
calculated using the Solid-G program [37], in order to obtain more information 166 
about the steric hindrance around metal atom, and compare to some 2,9-167 
disubstituted phenanthroline-based Cu(I) complexes.  168 
 169 
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3. Computational Details 170 
For the ground state electronic structure calculations the DFT method with the 171 
Becke [38] three parameter hybrid functional and Lee-Yang-Parr’s [39] gradient 172 
corrected correlation functional (B3LYP) was used. The calculations were 173 
performed with the Gaussian03 (G03) [40] program. The Stuttgart-Dresden (SDD) 174 
[41-42] basis set and effective core potential (ECP) were used for the Cu atom and 175 
the 6-31G* (five pure d functions) basis sets were used for all other atoms. Since 176 
solvent effects play an important role in the electronic structure of the Cu 177 
complexes, the conductor-like polarizable continuum model method (CPCM) [43-178 
45] with dichloromethane as solvent was used to calculate the electronic structure 179 
and the excited states of the complex in solution. Time-dependent density 180 
functional theory (TDDFT) [42, 46] calculations have provided excitation energies 181 
of the Cu complexes that agree with experiments. From the singlet ground state, 182 
optimized in the gas phase, 60 singlet excited states and the corresponding 183 
oscillator strengths have been determined with a TDDFT calculation using 184 
Gaussian03. The TDDFT calculation does not provide the electronic structures of 185 
the excited states; however, the electronic distribution and the localization of the 186 
singlet excited states may be visualized using the electron density difference maps 187 
(EDDMs) [47]. GaussSum 2.2 [48] was used for EDDMs calculations and for the 188 
electronic spectrum simulation. 189 
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4. Results and discussion 190 
4.1. Characterization 191 
The homoleptic complexes 1-3 formed immediately after mixing the solution of 192 
[Cu(CH3CN)4]PF6 and the corresponding ligands L
1-L3, which is evidenced by the 193 
color change of the reaction mixture to the dark-red. The complexes were found to 194 
be air-stable in solution and in the solid state and their solution did not show any 195 
gradual color change from dark-red to green, which would indicate the oxidation of 196 
Cu(I) to Cu(II). The complexes were characterized initially by Electro-Spray 197 
Ionization Mass Spectrometry (ESI-MS) in methanol. The experimental ESI-MS 198 
spectra of the complexes with their simulated patterns are shown in the 199 
supplementary materials (Fig. S1-S3). In case of complex 3, because of 200 
insolubility, a suspension of the complex in methanol was injected for ESI-MS. 201 
The observed molecular ion peaks were consistent with the expected cationic 202 
complexes in 1-3 as given in the experimental section. The 1H-NMR spectra of 203 
complexes 1 and 2 are shown in the supplementary materials (Fig. S4-S5). The 204 
chemical shifts (ppm) of the protons in the complexes are in good agreement to the 205 
previously reported data for [Cu(tpTAP)2]
+ and [Cu(dpp)2]
+  in which tpTAP and 206 
dpp stand for 2,3,6,7-tetraphenyl-1,4,5,8-tetraazaphenathrene and 2,9-diphenyl-207 
1,10-phenanthroline, respectively [49-51]. The IR spectra of complexes 1-3 (Fig. 208 
S6-S8), recorded in the range 4000-400 cm-1, displayed two strong bands at 836 209 
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and 557 cm-1 for both 1 and 2 and at 840 and 556 cm-1 for 3 that can be attributed 210 
to the hexafluoro phosphate anion [52]. The electronic absorption spectra of 211 
complexes 1 and 2, recorded in CH2Cl2 solution in the range 250-600 nm (Fig. 1), 212 
have similar features with a main absorption peak at 388 and 405 nm, respectively, 213 
that can be attributed to metal-to-ligand charge transfer (MLCT) transitions [53-214 
55]. The higher energy region is dominated by an intense UV band at 275 nm for 1 215 
and 2 which is assigned to π→π* ligand-centered (LC) transitions. A shoulder on 216 
the red side of the absorption maximum has been assigned to low-lying MLCT 217 
transitions. The shoulder arises when either static or dynamic flattening distortion 218 
induces D2d to D2 symmetry transformation as reported previously [56-58]. 219 
According to the previous theoretical calculations (DFT) [57], the MLCT excited 220 
state flattening from the pseudo D2d to D2 symmetry effectively splits the nearly 221 
degenerate Cu 3dxz and 3dyz HOMO orbitals. These changes in 3d MO energy 222 
levels translate into an increased energy splitting between the two observed 223 
1MLCT transitions that involve them, leading to a red-shift of the low-energy 224 
shoulder and a blue-shift of the main MLCT absorption peak.  225 
 226 
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Fig.1. Absorption spectrum of 1 (1.35 × 10-5 M, black) and 2 (2.61 × 10-5 M, red) in 228 
dichloromethane (the inset shows the low energy region). 229 
4.2. X-ray crystal structures 230 
Solid-state structural determination by single-crystal X-ray diffraction was 231 
performed on complexes 1-3. The crystallographic data and structural refinement 232 
parameters are summarized in Table 1. Selected bond lengths and angles are listed 233 
in Table 2. The details of intra- and intermolecular hydrogen bonding and C–H…π 234 
interactions are listed in Tables 3. The significant π…π interactions are present in 235 
complexes 1-3 which are summarized in Table 4. Block-shaped single crystals 236 
suitable for X-ray analysis were grown by slow evaporation of CH2Cl2/CH3OH 237 
(1/1) solution. In case of complex 3, the crystals were obtained directly by slow 238 
evaporation of the reaction mixture after addition of methanol. The crystal 239 
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structures of complexes 1-3 are shown in Figs. 2-4. Complexes 1-3 crystallize in 240 
space group P-1 and display interesting intramolecular π…π and C–H…π 241 
interactions between the peripheral aromatic rings and tetraazaphenanthrene core 242 
which affected the coordination geometry of the coordinated ligands around Cu(I) 243 
center. This type of intramolecular π…π stacking has also been observed in 244 
previously reported Cu(I) complexes incorporating dimesitylbipyridine and 245 
dipyridiophenazine ligands [59-60]. These interactions caused severe deviation 246 
from tetrahedral geometry in complexes 1-3 and of course each complex also has 247 
different intermolecular packing interactions as a result of the nature of the 248 
substituents. For confirming the effect of these intramolecular C–H…π and π…π 249 
interactions on geometry around Cu(I) center, a quantitative approach to 250 
characterizing four-coordinate geometries based on the τ4 geometry index proposed 251 
by Houser [61] was performed for complexes 1-3. This method uses the equation τ4 252 
= {360° – (α + β)}/141°, where α and β are the two largest angles in the four-253 
coordinate geometry. The τ4 value of a perfect tetrahedron is 1.00 (largest angle of 254 
109.5°), 0 for square planar (largest angle of 180°), and 0.85 for a perfect trigonal 255 
pyramidal (largest angle of 120°), and intermediate geometry fall within the range 256 
of 0–1.00. The τ4 value for typical Cu(I) bis-diimine complexes such as 257 
[Cu(dmp)2]
+ and [Cu(6,6′-dimethylbipyridine)2]+ are around 0.75. N−Cu−N angles 258 
in these complexes range from ≈125° to around 85°, the latter being found in the 259 
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five-membered chelate rings. In complexes 1-3 all τ4 values are indicative of 260 
distorted trigonal-pyramidal geometry which is summarized in Table 5. The 261 
dihedral angle between the coordination planes [N(1)−Cu(1)−N(2) and 262 
N(3)−Cu(1)−N(2)] in complex 1-3 is 79.79(7), 78.36(6), and 73.50(7)°, 263 
respectively. In supramolecular chemistry, weak interactions such as C–H…π, π…π, 264 
and hydrogen bonding contribute significantly to the self-assembly and molecular 265 
recognition processes. For aromatic heterocycles, π…π interactions are commonly 266 
defined by the interplanar distances in the range of 3.3–3.8 Ǻ [62]. Results of a 267 
search of the Cambridge Structural Database (CSD) indicate that most π…π 268 
interactions of nitrogen-containing heterocyclic rings exist with a centroid–269 
centroid distance of about 3.80 Ǻ and displacement angle up to 20°. Complex 1 270 
shows some interesting intermolecular π…π interactions with centroid to centroid 271 
distances in the range of 3.6453(17) to 3.8136(14) Ǻ with aliphatic and aromatic 272 
C–H groups involved in the intermolecular C–H…π interactions. Another weaker 273 
interaction in complex 1 is the intermolecular hydrogen bonding involving the 274 
aromatic C–H groups and the neighboring PF6– anions. Complex 2 also shows the 275 
intermolecular π…π interaction with centroid to centroid distance of 3.7080(13) Ǻ, 276 
intermolecular C–H…π interactions and intramolecular and intermolecular C–H…N 277 
and C–H…F hydrogen bonds. Pair of centrosymmetric intermolecular C–H…N 278 
hydrogen bonds form individual dimers in the crystal packing of complex 2 (Fig. 279 
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S9). Complex 3 shows an intermolecular π…π stacking interaction with centroid to 280 
centroid distance of 3.9633(18) Ǻ and also some intermolecular C–H…π 281 
interactions. There are also a series of intermolecular C–H…F hydrogen bonds 282 
involving the aromatic C–H groups and the neighboring PF6– anions. These 283 
interactions make aggregation of cations and anions into a one-dimensional chain 284 
along the a-axis (Fig. S10). Obviously, the geometric and steric characteristics of 285 
the complexes would be determined by the whole set of ligands incorporated in the 286 
coordination sphere. The degree of shielding of the central metal ion can serve as a 287 
measure of ligand-ligand non-covalent interactions. Therefore, in order to obtain a 288 
better understanding of the steric hindrance exerted by the coordinated ligands 289 
around the metal ion, the degree of filling of the coordination sphere by the tetra-290 
azaphenathrene ligands in complexes 1-3 was calculated using the solid-G 291 
program considering the ligand-ligand overlap. The key geometric and steric 292 
parameters related to solid-G angle are summarized in Table 6 and are compared to 293 
some bis(2,9-disubstitutedphenanthroline) Cu(I) complexes.  294 
 295 
 296 
 297 
 298 
 299 
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 300 
Table 1. Crystal data and refinement parameters of complexes 1-3 301 
Complex 1 2 3 
Empirical formula                                     
Formula mass                                                              
Crystal size (mm)                                         
Colour                                                                          
Crystal system                                                           
Space group                                                                      
θmax (°)                                                                             
a (Å)                                                                              
b (Å)                                                                      
c (Å)                                                                       
α (°)                                                                       
β (°)                                                                        
γ (°)                                                                        
V (Å3)                                                                  
Z                                                                                          
Dcalc (Mg/m
3)                                                                 
μ (mm−1)                                                                              
F (000)                                                                            
Index ranges                                                      
                                                                        
                                                                            
No. of measured reflns.                                          
No. of independent reflns./Rint 
No. of observed reflns. I > 2σ(I) 
No. of parameters                                                              
Goodness-of-fit (GOF)                                                                                  
R1 (observed data)                                                      
wR2 (all data)
a 
C72H52CuF6N8P 
1237.73 
0.10 × 0.15 × 0.25 
Dark-red
Triclinic
P-1
26 
12.7941(4) 
16.0106(5) 
16.0151(5)
65.127(3)
83.633(2) 
85.192(3)
2955.38(5)
2
1.391
0.468 
1276
-15 ≤ h ≤15 
-17 ≤ k ≤19 
-17 ≤ l ≤19
22571 
11535/0.0232 
10040 
795
1.029
0.0536 
0.01381 
C60H36CuF6N8PS4 
1205.72 
0.04 × 0.08 × 0.15 
Dark-red 
Triclinic 
P-1 
72.50 
12.4680(4)  
13.3364(4) 
17.4525(5)  
105.236(3) 
99.745(3) 
106.481(3) 
2590.02(14) 
2 
1.546 
3.013 
1228 
-15 ≤ h ≤15 
-16 ≤ k ≤16 
-20 ≤ l ≤21 
29380 
10140/0.033 
10140 
724 
1.035
0.0399 
0.1090 
C68H40CuF10N8P 
1253.59 
0.10 × 0.18 × 0.35 
Dark-red 
Triclinic 
P-1 
72.50 
11.1088(4)  
15.1156(5) 
18.2193(6)  
105.045(3) 
99.568(3) 
104.833(3) 
2765.87(16) 
2 
1.505 
1.580 
1276 
-13 ≤ h ≤13 
-18 ≤ k ≤18 
-22 ≤ l ≤22 
17841 
17841/0.042 
10140 
794 
1.035 
0.0673 
0.1846 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
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 309 
Table 2. Selected bond lengths and angles 310 
Complex 1 
Cu(1)–N(1) 
Cu(1)–N(2) 
Cu(1)–N(3) 
Cu(1)–N(4) 
 
 
Complex 2 
Cu(1)–N(1) 
Cu(1)–N(2) 
Cu(1)–N(3) 
Cu(1)–N(4) 
 
 
Complex 3 
Cu(1)–N(1) 
Cu(1)–N(2) 
Cu(1)–N(3) 
Cu(1)–N(4) 
 
 
2.027(2) 
2.111(2) 
2.002(2) 
2.165(2) 
 
 
 
2.0476(17) 
2.0510(17) 
2.0875(18) 
2.0149(17) 
   
 
 
2.055(2) 
2.045(2) 
2.065(2) 
2.030(2) 
 
N(1)–Cu(1)–N(2) 
N(3)–Cu(1)–N(4) 
N(3)–Cu(1)–N(1) 
N(3)–Cu(1)–N(2) 
N(1)–Cu(1)–N(4) 
N(2)–Cu(1)–N(4) 
 
N(1)–Cu(1)–N(2) 
N(3)–Cu(1)–N(4) 
N(3)–Cu(1)–N(1) 
N(3)–Cu(1)–N(2) 
N(1)–Cu(1)–N(4) 
N(2)–Cu(1)–N(4) 
 
N(1)–Cu(1)–N(2) 
N(3)–Cu(1)–N(4) 
N(3)–Cu(1)–N(1) 
N(3)–Cu(1)–N(2) 
N(1)–Cu(1)–N(4) 
N(2)–Cu(1)–N(4) 
 
 
82.92(8) 
82.43(8) 
147.91(9) 
119.65(8) 
120.40(8) 
95.15(8) 
 
82.51(7) 
84.40(7) 
122.16(7) 
101.56(7) 
135.62(7)  
130.03(7) 
 
82.98(9) 
83.77(9) 
107.71(9) 
131.67(9) 
132.5(10)  
123.85(9) 
 311 
 312 
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 313 
Fig.2. The molecular structure of complex 1, with displacement ellipsoids at 50% probability and 314 
atom numbering scheme (the solvent molecule was omitted for clarity).  315 
20 
 
 316 
Fig. 3. The molecular structure of complex 2, with displacement ellipsoids at 50% probability 317 
and atom numbering scheme.  318 
21 
 
 319 
Fig. 4. The molecular structure of complex 3, with displacement ellipsoids at 50% probability 320 
and atom numbering scheme. 321 
 322 
 323 
 324 
 325 
 326 
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Table 3. Hydrogen bonding and C–H…π interactions parameters in complexes 1-3 327 
 DH···A H···A (Å) D···A (Å) DH···A () 
Complex 1 C(20)–H(20A)…F(2)i 2.54 3.472(4) 166 
 C(50)–H(50A)…F(3) 2.48 3.387(5) 159 
 C(21)–H(21A)…Cg(10)i 2.60 3.488(3) 157 
 C(21)–H(48A)…Cg(11)ii 2.71 3.450(3) 136 
 C(21)–H(72B)…Cg(12)iii 2.57 3.434(3) 147 
Complex 2 C(8)–H(8A)…F(4) 2.50 3.135(3) 157 
 C(26)–H(26A)…N(7)iv 2.52 3.396(3) 154 
 C(42)–H(42A)…F(1)v 2.45 3.346(3) 157 
 C(44)–H(44A)…F(5) 2.45 3.360(3) 160 
 C(55)–H(55A)…F(5)vi 2.50 3.081(3) 119 
 C(28)–H(28A)…Cg(IV)i 2.79 3.560(3) 139 
 C(30)–H(30A)…Cg(IX)vii 2.93 3.596(3) 129 
 C(50)–H(50A)…Cg(II)ii 2.74 3.647(3) 160 
Complex 3 C(7)–H(7A)…F(5)viii 2.50 3.352(3) 149 
 C(8)–H(8A)…F(6)viii 2.38 3.210(3) 146 
 C(15)–H(15A)…F(2)ix 2.53 3.293(4) 137 
 C(34)–H(34A)…F(8)x 2.39 3.327(4) 169 
 C(41)–H(41A)…F(7)xi 2.50 3.219(4) 133 
 C(46)–H(46A)…F(9) x 2.53 3.171(4) 125 
 C(46)–H(46A)…F(10) x 2.36 3.137(4) 139 
 C(59)–H(59A)…F(1) xii 2.41 3.126(4) 132 
 C(68)–H(68A)…F(8) 2.38 3.145(4) 138 
 C(14)–H(14A)…Cg(G)xi 2.89 3.737(3) 150 
 C(48)–H(48A)…Cg(F)xiii 2.81 3.690(4) 154 
 C(62)–H(62A)…Cg(A)ii 2.70 3.303(3) 122 
*Symmetry codes: (i) -1+x,y,z ; (ii) x,y,z; (iii) 1-x,-y,-z; (iv) 1-x,1-y,-z; (v) x,-1+y,z; (vi) 1-x,1-y,1-z; (vii) 1+x,y,z; 328 
(viii) 2-x,1-y,1-z; (ix) -1+x,-1+y,z; (x) 1+x,y,z; (xi) 1-x,-y,1-z; (xii) 2-x,1-y,1-z; (xiii) 2-x,-y,-z 329 
 330 
 331 
 332 
 333 
 334 
 335 
 336 
 337 
 338 
 339 
 340 
 341 
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Table 4. The intra- and intermolecular π…π interactions in complexes 1-3 342 
Complex π…π d (π…π) (Ǻ) 
1 Cg1…Cg2i 3.5661(16) 
 Cg3…Cg4ii 3.6866(15) 
 Cg3…Cg2i 3.8641(18) 
 Cg5…Cg6i 3.6159(16) 
 Cg7…Cg8iii 3.8136(14) 
 Cg4…Cg3ii 3.6865(15) 
 Cg4…Cg4ii 3.6481(18) 
 Cg4…Cg2i 3.6453(17) 
 Cg6…Cg8i 3.6050(15) 
2 CgI…CgIii 3.5533(13) 
 CgIII…CgIVi 3.5391(13) 
 CgV…CgVIiv 3.7080(13) 
 CgVII…CgIIi 3.6766(13) 
 CgVIII…CgIIi 3.6138(13) 
3 CgA…CgBi          3.822(2) 
 CgC…CgBi          3.5692(2) 
 CgE…CgBi          3.603(2) 
 CgF…CgDi          3.796(2) 
Symmetry codes: (i) x,y,z; (ii) 1-x,1-y,-y; (iii) 1-x,-y,1-z; (iv) 1-x,1-y, 1-z; For 1, 343 
Cg1=Cu1/N1/C4/C5/N2; Cg2=C59-C64; Cg3=N1/N5/C1-C4; Cg4=C3-C8; Cg5=N3/N7/C37-C40; 344 
Cg6=C23-C28; Cg7=N4/N8/C41/C42/C45/C46; Cg =C39-C44; For 2, CgI=Cu1/N1/N2/C4/C5; 345 
CgII=C41-C46; CgIII=Cu1/N3/N4/C34/C35; CgIV=S1/C23-C26; CgV=S2/C27-C30; CgVI=N1/N5/C1-346 
C4; CgVII=N2/N6/C5/C6/C9/C10; CgVIII=C3-C8; For 3, CgA=Cu1/N1/N2/C4/C5; CgB=C45-C50; 347 
CgC=Cu1/N4/N5/C38/C39; CgD=C11-C16; CgE=N1/N6/C1-C4; CgF=N4/C35-C38 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
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Table 5. τ4 parameters and longest N−Cu−N bond angles for complexes 1-3 356 
 [Cu(L1)2]PF6 [Cu(L2)2]PF6 [Cu(L3)2]PF6 
Largest 
angles 
N(1)–Cu(1)–N(2) = 147.91 N(1)–Cu(1)–N(2) = 135.62 N(1)–Cu(1)–N(2) = 132.5 
 N(3)–Cu(1)–N(4) = 120.40 N(3)–Cu(1)–N(4) = 122.16 N(3)–Cu(1)–N(4) = 131.67 
τ4 0.65 0.72 0.68 
 357 
 358 
Table 6. Key geometric and steric parameters of complexes 1-3 359 
Complex Ω (L)a G (Ligand)b 
% 
(Complex)c 
% 
    
[Cu(L1)2]PF6 5.91 47.03 89.63 
 5.96 47.41  
[Cu(L2)2]PF6 6.15 48.94 93.00 
 6.10 48.53  
[Cu(L3)2]PF6 6.20 49.37 92.68 
 6.03 47.96  
[Cu(2,9Me2Phen)2]PF6 6.16 49.05 78.22 
 5.92 47.12  
[Cu(2,9Phe2Phen)2]PF6 5.96 47.43 90.42 
 5.92 47.07  
[Cu(Me4Phe2Phen)2]PF6 6.16 49.05 92.39 
 5.92 47.12  
aThe solid angle of the ligand. bThe percentage of the sphere shielded by the ligand. 360 
c The G value for the complex, all ligands treated as one. 361 
 362 
5. Computational studies 363 
5.1. Electronic structure 364 
Since the observed differences in the chemical and physical properties of the 365 
complexes rely firstly on the changes in the ground-state electronic structure, we 366 
will discuss these features in detail with an emphasis on the frontier orbital 367 
components and HOMO-LUMO energy gaps. Selected important frontiers 368 
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molecular orbitals for complexes 1-3 are depicted in Fig. 5. The data for the 369 
composition of the most important occupied and virtual orbitals and the atomic 370 
orbital contributions for each complex (%) are listed in Table 7. In the frontier 371 
region, neighboring orbitals are often closely spaced. In such cases, consideration 372 
of only the HOMO and LUMO may not yield a realistic description. For this 373 
reason, density of states (DOS) diagrams, which incorporate a degree of overlap 374 
between the curves convoluted from neighboring energy levels, can give a more 375 
representative picture. The density of states of 1-3 plotted as a function of orbital 376 
energy (eV) (Fig. S11-S13). Each complex is divided to three parts: the metal atom 377 
(Cu) and the two coordinated tetraazaphenathrene ligands. Each part of the 378 
percentage contributions are the sum of the atomic orbital coefficient squares. As 379 
shown in Fig. 5, the highest occupied orbitals in all complexes have predominant 380 
metal Cu d character i.e. 69, 53, and 60% in HOMO for 1-3, respectively. The 381 
LUMO orbitals are primarily localized on the ligands, but not symmetrically as 382 
found previously in other complexes [62-65]. For complex 1-3, the contribution for 383 
one ligand is ~92, 91, and 78% and for the other one is 5, 7, and 19%, respectively, 384 
and the remaining small contribution is distributed on the metal. Some lower-385 
energy occupied MOs (HOMO – 1 for 1, HOMO – 1 and HOMO – 3 for 2, and 386 
HOMO – 3 for 3) still have significant metal character, but the contributions from 387 
the ligands increases. In contrast, the five lowest unoccupied orbitals above LUMO 388 
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in each complex are essentially π*-orbitals localized on the ligands. The energies of 389 
the orbitals for complexes 1-3 are similar since the ligands have similar π 390 
structures. The HOMO-LUMO band gaps obtained from Gaussian 03 MO 391 
calculations for 1-3 were 3.17, 3.10, and 2.99 eV, respectively.  392 
 393 
Fig. 5. Selected frontier molecular orbitals of complexes 1-3.  394 
 395 
 396 
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Table 7. G03/B3LYP calculated one-electron energy and percentage composition of selected 397 
frontier MOs of 1, 2, and 3 expressed in terms of component fragments 398 
Complex1      
MO Energy (eV) Character L1 Cu L1 
285(V) -3.31 Ligand 95 2 3 
284(V) -3.43 Ligand 1 2 97 
283(V) -4.42 Ligand 91 1 8 
282(V) -4.49 Ligand 7 1 92 
281(V) -4.59 Ligand 7 3 90 
280(V) -4.66 Ligand 92 3 5 
279(O) -7.83 Cu 13 69 18 
278(O) -7.92 Cu+Ligand 30 54 17 
277(O) -8.13 Ligand 82 12 6 
276(O) -8.16 Ligand 7 1 92 
275(O) -8.45 Ligand 5 7 88 
274(O) -8.47 Ligand 93 3 4 
273(O) -8.61 Cu+Ligand 26 55 19 
Complex2      
MO Energy (eV) Character L2 Cu L2 
273(V) -3.65 Ligand 4 2 94 
272(V) -3.85 Ligand 95 2 3 
271(V) -4.66 Ligand 49 1 50 
270(V) -4.68 Ligand 58 1 41 
269(V) -4.76 Ligand 82 3 15 
268(V) -4.83 Ligand 7 2 91 
267(O) -7.91 Cu 27 53 19 
266(O) -7.98 Cu+Ligand 66 29 5 
265(O) -8.08 Ligand 8 1 91 
264(O) -8.19 Cu+Ligand 37 46 17 
263(O) -8.48 Ligand 68 1 31 
262(O) -8.56 Ligand 31 6 62 
261(O) -8.67 Cu+Ligand 18 53 29 
Complex3      
MO Energy (eV) Character L3 Cu L3 
285(V) -3.66 Ligand 52 1 47 
284(V) -3.81 Ligand 47 3 50 
283(V) -4.80 Ligand 90 1 9 
282(V) -4.81 Ligand 7 1 92 
281(V) -4.87 Ligand 79 3 18 
280(V) -4.93 Ligand 19 3 78 
279(O) -7.92 Cu 20 60 20 
278(O) -8.38 Ligand 96 2 1 
277(O) -8.42 Ligand 1 3 96 
276(O) -8.57 Cu+Ligand 30 48 22 
275(O) -8.62 Ligand 54 21 26 
274(O) -8.75 Ligand 30 5 65 
273(O) -8.85 Cu+Ligand 20 59 21 
Energy gap (ΔE) = 3.17, 2.91, and 2.99 eV (HOMO-LUMO), for 1, 2 and 3, respectively. 399 
 400 
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5.2. Calculated electronic absorption spectra 401 
TD-DFT computations were performed to predict the electronic transition energies 402 
and intensities of the 60 lowest energy singlet transitions of the complexes. 403 
Selected low lying singlet excited states together with their vertical excitation 404 
energies, oscillator strengths and assignment for the complexes are displayed in 405 
Table 8. An experimental model for an excited state corresponds to the excitation 406 
of an electron from an occupied to a virtual molecular orbital (i.e., a one-electron 407 
picture). However, the excited states calculated herein demonstrate that excited-408 
state electronic structures are best described in terms of multi-configurations, 409 
wherein a linear combination of several occupied-to-virtual MO excitations 410 
comprises a given optical transition. Assignment of the character of each excited 411 
state was based on the compositions of the occupied and virtual MOs of the 412 
dominant configuration(s) for that excited state. In principle, excited states that 413 
arise from transitions between orbitals that are located on different moieties are 414 
classified as charge transfer (CT) excited states. Those from π-occupied to π-415 
virtual orbitals located on the same ligand are described as intra-ligand π-π* states 416 
(IL), but those from orbitals on different ligands are described as ligand-to-ligand 417 
charge transfer (LLCT) states. Metal-to-ligand charge transfer (MLCT) states 418 
involve transitions from the metal atom to ligand-centered orbitals which is very 419 
well-known in case Cu(I) complexes with ligands having extended π systems. The 420 
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results from the TDDFT calculations agree with the experimental data for 421 
complexes 1 and 2 which are shown in supplementary materials (Fig. S14). 422 
Because of the insolubility of complex 3 in common organic solvents we were not 423 
able to record UV-Vis spectrum to compare with the theoretical calculations, 424 
therefore, only the calculated spectrum was reported and assigned. Electron density 425 
difference maps (EDDMs) derived from the TD-DFT calculations were used to 426 
show the electron density changes between the ground and excited states upon 427 
different electronic excitations. It represents a way for visualizing the electronic 428 
distribution, for which one can subtract the ground-state electron density (S0) from 429 
the Franck-Condon electron density of the excited state, thereby providing a 430 
picture of the redistribution of the electron density after the vertical transition from 431 
the ground-state to any of the Franck-Condon excited states. Visualization of these 432 
difference density plots can provide an insight into the subsequent geometric 433 
changes occurring on the excited-state potential energy surface [66-67], and to 434 
determine what type of excitation is occurring. The EDDMs for the calculated 435 
MLCT transitions of complexes 1-3 are shown in Fig. 6.  436 
 437 
 438 
 439 
 440 
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 441 
Table 8. Selected TD-DFT calculated excitation energies and compositions of the lowest-lying 442 
singlet excited states for complexes 1-3  443 
States E(eV)/λ(nm) f λexp. Transition Assignment 
Complex 1      
3 2.41/514 0.051 496 H-1→L(54%);H-1→L+1(11%);H→L(22%) MLCT 
11 3.044/407 0.435 387 H-6→L+1(18%),H-3→L(12%),H-2→L(27%) MLCT,π→π* 
58 3.86/321 0.030 275 H-10→L+3(10%),H-8→L+2(18%) π→π* 
Complex 2      
3 2.38/521 0.056 511 H-1→L (26%), H-1→L+1 (27%), H→L+1 
(13%) 
MLCT 
17 3.04/407 0.028 405 H-3→L+1 (12%), H-3→L+3 (31%), H-2→L+3 
(27%) 
MLCT,π→π* 
56 3.78/276 0.10 327 H-17→L(33%), H-9→L+3 (12%) π→π* 
Complex 3      
4 2.38/521 0.014 – H→L+2 (53%), H→L+3 (41%) MLCT 
12 3.05/406 0.158 – H-3→L(11%), H-3→L+2 (21%), H-2→L(24%) MLCT,π→π* 
59 3.86/321 0.068 – H-10→L+2 (28%), H-23→L (3%) π→π* 
H and L refer to the highest-occupied and lowest-unoccupied molecular orbitals, respectively.  444 
 445 
 446 
Fig. 6. Electron density difference maps (EDDMs) for main transitions 3, 3, and 4 in complexes 447 
1-3, respectively. Red indicates a decrease in charge transfer, while green indicates an increase. 448 
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As expected, that the lower energy bands in the experimental spectrum arise from 449 
transitions that are mainly metal-to-ligand charge transfer (MLCT) in nature, while 450 
the higher-energy bands are due to transitions that involve ligand π-π* excitations. 451 
For the majority of the excited states under this study they consist of more than one 452 
transition. The TDDFT calculations for 1 suggest an MLCT transition at 514 nm 453 
(the shoulder at lower-energy visible region) made up of HOMO–1 → LUMO, 454 
HOMO–1 → LUMO+1, and HOMO → LUMO, in which the HOMO–1 and 455 
HOMO are mainly metal-based and the LUMO is ligand-based; in essence, this is 456 
describing an MLCT transition that is mostly delocalized on one of the coordinated 457 
TAP ligands. There is another peak at the edge of UV and visible regions made up 458 
of HOMO–6 → LUMO+1, HOMO–3 → LUMO, HOMO–2 → LUMO which 459 
show mixed character of intra-ligand (IL) and MLCT transitions and the last peak 460 
in high energy region shows typical π→π* transition in nature. Complex 2 shows 461 
the same behavior as 1 with a shoulder at lower-energy visible region which is 462 
mainly MLCT transition, a second in the high-energy visible region which has 463 
mixed character of IL and MLCT transitions and the third in the UV region and is 464 
assigned as a π→π* transition. Since 3 was not soluble in common organic solvents 465 
we were not able to compare the theoretical calculation with the experimental 466 
results but it shows the same behavior, at least in theory. The second absorption 467 
band in 2 and 3 shows the mixed MLCT and π→π* characters which are in 468 
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agreement to the previously reported theoretical calculations of the Cu(I)-469 
substituted heterocyclic diimine complexes [63-65]. 470 
 471 
6. Conclusions 472 
In this paper, for the first time, we report the synthesis of three new Cu(I) 473 
complexes bearing unsymmetrical tetraazaphenathrenes ligands. The molecular 474 
structures of the complexes are characterized by single-crystal X-ray diffraction 475 
and the four-coordinate geometries around Cu(I) are quantified using the τ4 476 
parameter confirming significant effect of the interesting intermolecular π…π 477 
stacking and C–H…π interactions between the aromatic ring moieties on the 478 
geometry around Cu(I) center. The use of DFT and TDDFT calculations was 479 
fundamental in elucidating the properties of the complexes in their electronic 480 
structures and their excited states. DFT calculations show the HOMO is located on 481 
the metal and LUMO has ligand-based orbitals character in which each molecular 482 
orbital has been broken down in terms of a percentage contribution from the metal 483 
center, and the tetraazaphenanthrene ligands and visualized by density of states 484 
(DOS) spectrum which gives a better overview of the nature of the frontier 485 
orbitals, especially when neighboring orbitals are closely spaced. Also, TDDFT 486 
calculations are capable of describing the spectral features of our investigated 487 
complexes and the lowest-energy absorption spectra are dominant MLCT 488 
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transitions which were confirmed by the results from electron density difference 489 
maps (EDDMs).  490 
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Tables and Figures Caption: 647 
Scheme 1. The parent tetraazaphenathrene core, 2,3,6,7-substituted 648 
tetraazaphenanthere ligands and their related Cu(I) complex.  649 
Table 1. Crystal data and refinement parameters of complexes 1-3. 650 
Table 2. Selected bond lengths and angles of 1-3. 651 
Table 3. Hydrogen bonding and C–H…π interactions parameters in 652 
complexes 1-3  653 
Table 4. The intra- and intermolecular π…π interactions in complexes 1-3 654 
Table 5. τ4 parameters and longest N−Cu−N bond angles for complexes 1-3 655 
Table 6. Key geometric and steric parameters of complexes 1-3  656 
Table 7. G03/B3LYP calculated one-electron energy and percentage 657 
composition of selected frontier MOs of 1, 2, and 3 expressed in terms of 658 
component fragments 659 
Table 8. Selected TD-DFT calculated excitation energies and compositions 660 
of the lowest-lying singlet excited states for complexes 1-3 661 
Fig.1. Absorption spectrum of 1 (1.35 × 10-5 M, black) and 2 (2.61 × 10-5 662 
M, red) in dichloromethane (the inset shows the low energy region).  663 
Fig.2. The molecular structure of complex 1, with displacement ellipsoids at 664 
50% probability and atom numbering scheme (the solvent molecule was 665 
omitted for clarity).  666 
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Fig. 3. The molecular structure of complex 2, with displacement ellipsoids at 667 
50% probability and atom numbering scheme.  668 
Fig. 4. The molecular structure of complex 3, with displacement ellipsoids at 669 
50% probability and atom numbering scheme.  670 
Fig. 5. Selected frontier molecular orbitals of complexes 1-3.  671 
Fig. 6. Electron density difference maps (EDDMs) for main transitions 3, 3, 672 
and 4 in complexes 1-3, respectively. Red indicates a decrease in charge 673 
transfer, while green indicates an increase. 674 
 675 
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